Abstract: The reactions between silylene, H 2 Si, and the three-membered ring compounds, oxirane (9), thiirane (10), and selenirane (11), which provide possible routes to Si=X (X = O, S, Se) double bonds were studied by ab initio calculations at the MP2 and QCISD correlated levels of theory employing the polarized 6-31G** basis set. The calculations show that the three reactions are all highly exothermic, (-61.8, -45.2, -52.9 kcal/mol at MP2/6-31G**//MP2/6-31G** for X = O, S, Se, respectively). In the gas phase, at 0 K, these reactions are predicted to be also spontaneous (i.e., the calculated transition states are lower in energy than the reactants). At 298 K, entropy contributions result in small barriers on the ∆G surface for X = O, S (7.4 kcal/mol for both reactions at QCISD (full)/6-31G**), but for X = Se the reaction remains spontaneous. Thus, the calculations suggest that these reactions are viable routes for the preparation of compounds with Si=X (X = O, S, Se) double bonds. The first step in all the reactions is the barrier-less formation of an encounter-complex between the silylene and the X atom of the precursor. For X = O, S, these complexes are predicted to be sufficiently stable to be observed in a matrix. The reaction steps which follow depend on X; for X = O fragmentation of the silylene-XC 2 H 4 complex proceeds in two steps via a biradical intermediate, while for X = S and X = Se the fragmentation occurs in a single step. The first ab initio calculations for H 2 Si=Se are reported.
Introduction
The synthesis of compounds with multiple bonds to silicon is one of the important contemporary challenges in silicon chemistry (1). For many years such compounds were known only as transients and stable compounds with multiple bonds to silicon were isolated only in the last two decades (1). Of the R 2 Si=X (X = O, S, Se) family, a stable silanethione R 2 Si=S (1) (2) and a stable silaneselone R 2 Si=Se (2), (3) which are kinetically stabilized by the very bulky substituents Dip (2,6-i Pr 2 C 6 H 3 ), Tip (2,4,6-i Pr 3 C 6 H 2 ), and Tbt (2,4,6-[(Me 3 Si) 2 CH]C 6 H 2 ) were recently isolated by Okazaki and co-workers (2, 3) in two spectacular achievements. All other known silanethiones or silaneselones with a tricoordinated silicon atom are transient species (1, 4, 5) . Si=X double bonds can also be stabilized by substituents which can coordinate intramolecularly to the lowcoordinated silicon atom. Three such "internally coordinated silanethiones," 3a, 3b, and 4, were recently isolated (6); 3 and 4 have tetracoordinate (6a) and pentacoordinate (6b) silicon atoms, respectively. An internally coordinated silaneselone (5), with a tetracoordinated silicon atom, was also isolated (6a) . Stable silanones, R 2 Si=O, are not yet known (not even as internally coordinated species as in 3-5), but several transient silanones, including the parent H 2 Si=O (6), (7a, b) were detected spectroscopically in matrix (7) and in the gas phase (8). The parent silanone H 2 Si=O (6) (1b, (for a related theoretical study see ref. 8c and 8e), 9) and silanethione H 2 Si=S (7) (9c, 10) were studied theoretically. In contrast, nothing is currently known, either theoretically or experimentally, on silaneselone H 2 Si=Se (8).
A possible route leading to compounds with a Si=X (X = O, S, Se) double bond is the reaction between a silylene, R 2 Si:, and a strained chalcagenide three-membered ring compound, c-C 2 H 4 X, such as oxirane (X = O, 9), thiirane (X = S, 10), or selenirane (X = Se, 11), as shown in eq.
[1].
[1]
Several experimental studies of the reaction of silylenes with oxiranes have been reported (11). Tzeng and Weber (11a) studied the reaction between dimethylsilylene (12) and 2-vinyl oxirane (13) and based on the observed products they suggested that dimethylsilanone (14) is formed as an intermediate (Scheme 1). The proposed mechanism (Scheme 1) involves the initial formation of a silyleneoxirane ylide intermediate 15, which opens to an allylic ionpair (16) , which dissociates to give (CH 3 ) 2 Si=O. Although the observed products are consistent with the intermediacy of (CH 3 ) 2 Si=O, the desired dimethylsilanone (14) was not directly observed.
Barton (11b) and Goure and Barton (11c) studied the reaction of (CH 3 ) 2 Si with cyclooctene oxide (17) . They concluded (Scheme 2) that the ylide 18 is formed, but they could not establish unequivocally if 18 extrudes (CH 3 ) 2 Si=O, or whether it acts as a "silanone transfer agent" yielding products which are consistent with the presence of 14. They also could not differentiate between paths A and B in Scheme 2. Scheme 1. Ando et al. (11d) , suggested the intermediacy of dimesitylsilanone (Mes 2 Si=O, Mes = 2,4,6-Me 3 C 6 H 2 ) (21) in the reaction of Mes 2 Si (19) with oxiranes and with several 2-substituted oxiranes (Scheme 3).
In a recent study, Walsh and co-workers (11e) studied the gas phase reactions of (CH 3 ) 2 Si with oxirane and interpreted their results in terms of the transient formation of (CH 3 ) 2 Si=O.
Although a variety of thiiranes, are known (12a), only one example of rxn.
[1], X = S, between a disilyloxy silylene, (Me 3 SiO) 2 Si (generated in situ on a reactive silica surface) and a thiirane, was reported, and the intermediacy of a silanethione was suggested (12b). There are no reports on the reaction of silylenes with seleniranes; which is not surprising, as the number of available seleniranes is limited.
Only one stable tetra-substituted selenirane (13a, 13b) and two relatively unstable tri-substituted seleniranes (13c) are known.
To shed further light on the mechanism of the reactions of silylenes with chalcogenide-3-membered ring compounds and to test whether these reactions are potentially useful for generating Si=X double bonds we have studied rxn.
[1] by high-level ab initio molecular orbital calculations. We have attempted to answer questions such as: "Is rxn.
[1] exothermic, despite the formation of the high energy H 2 Si=X? Do large energy barriers separate the reactants from the desired products? Are there lower energy channels leading to other products?." Three major model reactions were studied: i.e., the reactions between H 2 Si and oxirane (9), thiirane (10), and selenirane (11), potentially leading to H 2 Si=X, X = O, S, Se, respectively, (eqs. [1a]-[1c] ), as well as the reactions of the larger Me 2 Si and Mes 2 Si (Mes = 2,4,6-Me 3 C 6 H 2 -) with oxirane. The computational results and our conclusions about the mechanisms of these reactions are reported in this paper.
Computational methods
Ab initio molecular orbital calculations (14) at the correlated Møller-Plesset MP2 (15) and QCISD (16) levels of theory were performed, using the Gaussian 94 series of programs (17) . The fully polarized 6-31G** basis set (18) was used throughout and all electrons were included in the calculations (including for Se). Equilibrium geometries and transition structures were fully optimized at both the MP2(full)/6-31G** and the QCISD(full)/6-31G** (except for H 2 Si=Se) levels of theory. Vibrational frequencies at the MP2/6-31G** level were computed for all species, to characterize them as minima, transition structures, or higher order saddle points on the potential energy surface (PES) and for evaluating their zero-point vibrational energies (ZPE). IRC calculations (19) were applied to all the MP2/6-31G** calculated transition structures to secure that they indeed connect the reactants with the desired products. Enthalpies at 0 K (H 0°) were calculated as the sum of the total energies (either at MP2 or at QCISD) and the corresponding ZPEs calculated at MP2/6-31G**. Entropies (S 298°) , Gibbs free energies (G 298°) , and ZPEs at 298 K, were calculated using the ideal gas approximation, as implemented in Gaussian 94 (17) . S 298°a nd thus G 298°c ould be calculated directly at the MP2 level. At the QCISD level (where the vibration energies were not calculated) G°2 98 was estimated using the S 298°v alues calculated at MP2/6-31G**.
To simplify the presentation the following designations are used throughout the paper: (i) S°and G°(without a subscript) denote these values at 298 K (i.e., S°= S 298°a nd G°= G 298°, respectively), while ∆H°denotes this value at 0 K; (ii) MP2 and QCISD denote such calculations with the 6-31G** basis set using the optimized geometries at the same levels, i.e., MP2 and QCISD denote MP2/6-31G**/ /MP2/6-31G** and QCISD/6-31G**//QCISD/6-31G** calculations, respectively.
Results
The calculated total energies, ZPEs, entropies, and Gibbs free energies of all species involved in eqs. [1a]-[1c] are listed in Table 1 . Selected geometrical parameters of the optimized structures of the reactants and products are shown in Fig. 1 , those of the intermediates and the transition states are given in Table 2 The effect of the level of theory which was used on the calculated reaction energies is small for X = S, but somewhat more significant for X = O, where the MP2/6-31G** calculations overestimate ∆H°of rxn. [1a] by 5 kcal/mol (the difference is even higher for the individual reaction steps) relative to QCISD/6-31G**. In general the QCISD/6-31G** values are believed to be the more reliable and therefore QCISD values are generally used in the discussion (unless stated otherwise). The very small difference between the MP2 and QCISD results for eq. [1b] (X = S) suggest that this is the case also for eq. [1c] (X = Se), where QCISD calculations are beyond our current capabilities.
Discussion
The calculations reported in this paper apply directly to the isolated molecules in the gas-phase and we wish first to point out some of the consequences of this fact. In connection to the bimolecular reactions discussed in this paper, two types of potential energy surfaces (PES), shown in Fig. 2 , should be considered: (i) an exothermic multistep reaction in which the energy of the reactants is higher than the energy of all the transition states involved (Fig. 2a) . Such a reaction is spontaneous at 0 K and is expected to occur extremely rapidly. The encounter-complex is produced in a vibrationally excited state having sufficient internal energy to overcome the activation barrier, ∆E(1), and to proceed to yield the products; (ii) an exothermic multistep reaction in which one of the transition states is higher in energy than the energy of the reactants (Fig. 2b) . In this case the reaction is not spontaneous and the encounter-complex (or other intermediates) will have a significant life time (depending on the height of the ∆E(3) barrier), because on average the vibrationnally excited molecules do not have the required energy to cross the ∆E (3) barrier. An additional energy of at least ∆E(3) has to be supplied to allow the reaction to proceed to the products.
The situation is different in solution (or in high-pressure gas-phase reactions) because the energy gained in the formation of the first encounter-complex (or intermediate) can be rapidly distributed to the environment and the complex can reach its vibrational ground state. So even in case (i) (Fig. 2a ) the encounter-complex will have a significant lifetime and an additional energy of ∆E(1) has to be supplied to the system to overcome the barrier separating the first encounter-complex from the products. In case (ii) (Fig. 2b ), the energy required in solution to overcome the activation barrier of ∆E(2) is higher than for the isolated molecules in the gas-phase (∆E (3)).
The discussion below applies generally to the gas-phase reactions to which the calculations are directly applicable, but in some cases the conclusions are extended to the liquid phase based on the guidelines discussed above.
Energetics and mechanism of the reactions of silylene with chalcogenide three-membered rings
Reactions [2a]-[2c] are calculated to be highly exothermic, both on the enthalpy and on the free energy surfaces (Table 3) i.e., by (∆G 298°v alues at MP2, kcal/mol): -61.8 for oxirane (eq. [1a] ), -45.2 for thiirane (eq. [1b]) and -52.9 for selenorane (eq. [1c]). The calculated reaction enthalpies, ∆H°, are very similar to the ∆G°values ( Table 3 ). The energies of eqs. [1a]-[1c] are significantly lower than those calculated for the analogous reactions of singlet methylene, CH 2 , (∆H°values at MP2, kcal/mol) with oxirane (-110.0), thiirane (-85.8) , and selenorane (-80.0). However, although these reactions are highly exothermic, rxns. [1a] and [1b] are calculated not to occur spontaneously at 298 K even in the gas-phase because significant barriers (∆G surface) of 7.4 and 7.3 kcal/mol, respectively, separate the reactants from the products. This result has, of course, important experimental consequences which will be discussed below. Only rxn.
[1c], for X =Se is predicted to occur spontaneously in the gas-phase.
The first step in all three reactions is the attack of H 2 Si on the heteroatom X of the three-membered ring to give the corresponding encounter-complex intermediates:
). This step is exothermic and does not involve an energy barrier and it occurs spontaneously both on the enthapy and on the free energy surfaces. However, due to the contribution of entropy this step is much less exothermic (by ca. 9-10 kcal/mol at 298 K) on the ∆G 298 surface than on the ∆H 298 surface. The geometries (Table 2 ) and the electronic nature of the intermediate silylene-XC 2 H 4 complexes 22-24 are discussed below.
The subsequent reaction steps, leading from the encounter-complex intermediates to the final H 2 Si=X + CH 2 =CH 2 products, are different for the silylene reaction with oxirane (eq. [2a] ) and for the reactions with thiirane and selenirane (eq. [2b] and eq. [2c], respectively), and these reactions are therefore discussed separately.
(a) The reaction of silylene with oxirane
The calculated enthalpies and Gibbs free energies (at 298 K) for the reaction between H 2 Si and oxirane (rxn. [2a] ) are shown in Figs. 3a and 3b, discussion below are based on the QCISD/6-31G** values, which are believed to be the more reliable (the MP2/6-31G** values are given in parenthesis). As pointed out above, rxn. [2a] , although it is very exothermic, ∆G°= -56.6 kcal/mol (at QCISD/6-31G**) is predicted not to occur spontaneously at 298 K even in the gas-phase, as it involves a significant barrier (i.e., the PES is of type (b) in Fig. 2 ) on the ∆G surface (Fig. 3b) . On the other hand at 0 K, where the contribution of entropy is zero (Fig. 3a) , the reaction is spontaneous (i.e., the PES is of type (a) in Fig. 2 ).
In the first step of the reaction, a donor-acceptor complex between H 2 Si and oxirane (22) , which is kinetically stable, is formed. This step is spontaneous and quite exothermic (∆H°= -17 --20, ∆G°= -7 --11 kcal/mol), pointing to a stable complex, which should be detectable spectroscopically at low temperatures. Similar complexes between silylenes and ethers or alcohols have been reported and also characterized spectroscopically (20) . The calculated vibrational frequencies of the complexes 22-24 are reported in the supplementary material to assist in their future spectroscopic identification. The cleavage of the complex 22 to give the H 2 Si=O and H 2 C=CH 2 products is also exothermic (∆G°= -49.3 kcal/mol), however a significant energy barrier of 14.8 kcal/mol (∆H°) and 14.9 kcal/mol (∆G°) (at QCISD/6-31G**, 19.3 and 19.4 kcal/mol, respectively, at MP2/6-31G**) separates 22 from the products. The cleavage of 22 occurs in two steps: in the first step, one of the C-O bonds cleaves via transition state (TS) 26 to give the biradical intermediate 25, which then fragments (via TS 27) to produce the desired silanone 6 (and ethylene). The biradical intermediate (25) lies higher in energy than 22 on both the ∆H and the ∆G surfaces (at QCISD) 2 and as the barrier for its cleavage is only ca. 2 kcal/mol, it is expected to have a very short lifetime.
These computational results are consistent with the only experimental kinetic study of the reaction of dimethylsilylene with oxirane (11e). Yet, the high value of the measured rate constant together with the observation of C 2 H 4 formation, suggest that the calculated barrier of 14.9 kcal/mol (QCISD) separating 22 from 25 (i.e., TS 26) is probably too high. This small theoretical-experimental discrepancy may result from real differences in the reactions of H 2 Si (used in the calculations) and of (CH 3 ) 2 Si (used experimentally), or from errors in the calculations. B3LYP/6-31G**//B3LYP/6-31G** calculations indeed give a lower barrier of 10.4 kcal/mol for the conversion of 22 to 25 (∆H°f or the formation of 22 is -16.6 kcal/mol at this level). A more detailed theoretical study of the reaction of (CH 3 ) 2 Si with oxirane, as well as additional experiments are however required to reach a fully consistent theoretical-experimental picture of this reaction.
(b) The reaction of H 2 Si with thiirane and selenirane
In contrast to the multistep fragmentation of the oxiranesilylene complex 22, the fragmentation of the analagous S-and Se-complexes (23 and 24) to produce the desired products (silanethione 7 or silaneselone 8 (and ethylene), respectively) occurs in a single step via transition states 28 and
O-zwitterion (22) a At HF/6-31G**. Table 3 . Calculated enthalpies and Gibbs free energies (in parentheses) for various reactions (kcal/mol). 29, respectively, in which the two C-X bonds are equally elongated. 3 Reaction [2b] and each of its two steps are highly exothermic on both the ∆H and the ∆G surfaces (Fig. 4) . Thus, ∆H°a t 0 K for the overall reaction and for the first and second steps are: (QCISD, kcal/mol): -44.2, -16.8, and -27.4, respectively, and ∆G°= -44.4, -7.6, and -36.8, respectively. However, rxn. [2b], similarly to rxn. [2a] , is spontaneous at 0 K but not at 298 K. The rate-determining step, as in rxn. [2a] , is the cleavage of the intermediate silylene-thiirane complex 23. The Gibbs free energy of activation for this step is calculated to be relatively high, ca. 15.0 kcal/mol at both QCISD and MP2 (∆H°is very similar, 15.4 kcal/mol). 3 As the complexation energy released in the formation of 23 from the reactants of 7.6 kcal/mol is smaller than the energy required for its fragmentation (14.9 kcal/mol), 23 is predicted to be a long-lived entity even in the gas-phase. This conclusion applies even more strongly to the solution phase, where the energy gained by complexation can be speedily distributed to the environment and therefore it might be possible to observe 23 spectroscopically in matrices (the calculated vibrational frequencies of 23 are given in the supplementary material).
Reaction [2c] (Fig. 5) is the only reaction of the three reactions studied here in which no energy barrier exists between reactants and products either on the ∆H or on the ∆G surfaces (i.e., the reaction is of type (a) in Fig. 2) . Reaction [2c] in contrast to rxns. [2a] and [2b] , is therefore predicted to occur spontaneously in the gas-phase, as the barrier for the fragmentation of the silylene-selenirane intermediate 24 (∆G°= 7.5 kcal/mol) is significantly lower than the energy released (∆G°= -21.8 kcal/mol) upon its formation (Fig. 5) . Reaction [2c] is predicted to be very facile also in solution as the barrier for the fragmentation of complex 24 is small, only 7.5 kcal/mol.
In summary, the calculations show that rxns. [2a]-[2c] are highly exothermic, both on the ∆H and ∆G energy surfaces, in the range of -44 --56 kcal/mol (QCISD/6-31G**) depending on the heteroatom X of the reactant three-membered ring. All reactions proceed via intermediate H 2 Si···XC 2 H 4 donor-acceptor complexes which are formed spontaneously. These complexes are quite stable kinetically (less so for Fig. 2 . Schematic potential energy surfaces for an exothermic multi-step bimolecular gas-phase reaction: (a) the energy of the reactants is higher than that of the transition state for the conversion of the encounter-complex to products; (b) the energy of the reactants is lower than the energy of the transition state for the conversion of the encounter-complex to products. 3 It is noteworthy that the synchronous single-step fragmentation of the H 2 Si···XC 2 H 4 encounter-complexes, 22-24, to the corresponding H 2 Si=X and ethylene is formally a "symmetry-allowed" reaction in a "linear-type" process (see ref. 24) . Thus, assuming a linear-type process with C s -symmetry the relevant occupied orbitals of the reactant (22) are: (i) the two σ(C-X) bonds -one symmetric (S) and one anti-symmetric (A); (ii) the Si···X bond (S); (iii) and the silylene lone-pair (S). These orbitals correlate with those of the ground state orbitals of the products, H 2 C=CH 2 + CH 2 =X, i.e., σ(C-X) (S), π(C=X) (S), π(C=C) (S), and the lone-pair on O (A). A close analogy to rxns. [2a]-[2c] is the abstraction of NR from N-alkylaziridines by dichlorocarbenes producing olefins in which the relative configuration of the substituents is retained, indicating a synchronous symmetry-allowed process (see for example ref. 25) . However, a closer examination of the reaction reveals that the fragmentation step has, to some extent a "symmetry-forbidden" contribution due to the very high polarity of the H 2 Si=X molecules which are better described as H 2 Si + -X -(the calculated charges on X are: -0.96, -0.55, -0.46 for X = O, S, Se, respectively). To better understand this point it is more convenient to analyze the fragmentation reaction in the reverse direction, i.e., as an addition reaction of H 2 Si + -X -to CH 2 =CH 2 . Such a reaction is a symmetry-forbidden π 2s + ω2s reaction. In agreement with this analysis, the fragmentation reactions of 22-24, although highly exothermic, have significant activation barriers and for X = O, the preferred reaction path is indeed nonconcerted, i.e., it proceeds via a two-step mechanism, as expected for a symmetry-forbidden reaction (a C s species having two imaginary frequencies and closely corresponding to TS 28 for X = S and to TS 29 for X = Se, is 5.9 kcal/mol higher in energy than the biradicaloid TS 26) The contribution of the polarity to the degree of symmetry-forbiddeness of the fragmentation reactions is smaller for X = S and Se than for X = O, due to the lower polarity of H 2 Si=S and H 2 Si=Se relative to H 2 Si=O, and with these chalcogonites fragmentation occurs in a single step. Another factor contributing to the significant barriers of the fragmentation step is the high degree of electron reorganization required along the fragmentation process (see for example ref. 26 ). X = Se) and according to the calculations should be detectable in low-temperature matrices. The cleavage of these complexes is also highly exothermic and in the gas-phase at 0 K it is also spontaneous (i.e., represented by a PES of type (a) in Fig. 2) . However, at 298 K, even in the gas-phase, the cleavage of the donor-acceptor complex is spontaneous only for X = Se. For X = O and X = S, a significant barrier (∆G = 7.4 kcal/mol for both reactions) exists and the energy gained in the complexation step is not sufficient to overcome the barrier separating the complex from the products. In solution, where the silylene-XC 2 H 4 complexes may have the possibility to relax, the barriers which have to be overcome are larger and become quite significant, i.e., 14.9 kcal/mol for both reactions (at QCISD). 
(c) The silatane route
Barton (11b) and Barton and Goure (11c), who studied experimentally the reaction of dimethylsilylene with cyclohexane oxide, pointed out that an alternative mechanism to that shown in Fig. 3, i. e., via the corresponding silaoxetanes (see path A in Scheme 2), could not be excluded. To evaluate the viability of this mechanistic possibility, we have calculated the "silatane route" for the reaction of H 2 Si with 9-11, shown in Scheme 5. Our results reveal that the rearrangement of 22 to 30a is very sluggish since the calculated barrier E a (1) is 32.0 kcal/mol. Unfortunately, we could not locate the corresponding transition states connecting the silylene complexes 23-24 with the corresponding silatanes 30b-30c, and thus could not compare directly these barriers (E a (1)) with the corresonding barriers for fragmentation of the complexes 23-24 to the corresponding H 2 Si=X + C 2 H 4 , E a (4) in Scheme 5 (E a (4) are the barriers to the fragmentation of 22-24 given in Figs. 3a-3c, respectively) . However, even without this direct comparison the calculations (at the MP2/6-31G**//MP2/6-31G** level), show clearly (Table 4) detected experimentally. At the moment experiments are available only for X = O and in agreement with the above theoretical analysis, silaoxetanes were not detected in solution experiments (11a-11c, 21) 4 . Also, in gas-phase reactions the silatanes are not expected according to the calculations to be observed experimentally, as the energy released in their production ∆H(1), far exceeds the energy, E a (2), required for their fragmentation. This is in agreement with the available gas-phase experiments (11e, 21) 4 . Attempts to locate a reaction path connecting directly the reactants with the corresponding silatanes, i.e., a direct insertion of the silylene into the strained C-X bond of the XC 2 H 4 molecule (a reaction which is exothermic (∆H(3) in Scheme 5) by -97.7, -79.3, and -87 .1 kcal/mol (MP2/6-31G**) for X = O, S, and Se, respectively) have failed, but we believe that these pathways are higher in energy than via the silylene-XC 2 H 4 complexes.
Our computational results combined with the fact that silaoxetanes were not observed experimentally in these reactions (11) strongly support the conclusion that silaoxetanes are not involved as intermediates in the reactions of silylenes with chalcogenide three-membered rings. The calculations also show that silatanes are not good precursors for the production of Si=X multiple bonds (e.g., via pyrolysis), because the activation barriers for their fragmentation, E a (2), are high, ca. 38-41 kcal/mol, requiring relatively high reaction temperatures.
Reactions of dimethylsilylene and diphenylsilylene with chalcogenide three-membered rings
Do the calculations for the parent H 2 Si discussed above apply also to silylenes, which experimentally are used more widely than H 2 Si, such as dimethylsilylene and diphenylsilylene? To answer this question we have calculated the reaction enthalpies of rxn. [3] (at MP2/6-31G**//MP2/6-31G**) and of rxn. [4] (at HF/6-31G**//HF/6-31G**). The calculated reaction energies (Table 3) are quite similar to those obtained for the parent rxns. [2a]-[2c] and although a full scan of the PES was not carried out, this result suggests that alkyl-and aryl-substituted silylenes can also serve as precursors for producing the desired R 2 Si=X compounds. Of particular interest is the computational prediction that even with the relatively stable Ph 2 Si the reaction with oxirane to give Ph 2 Si=O is still highly exothermic, i.e., by -58.9 kcal/mol. This suggests that it might be possible to use even sterically protected silylenes, such as Mes 2 Si and even Tbt 2 Si, to produce sterically stabilized silanones, e.g., Mes 2 Si=O and Tbt 2 Si=O. We encourage experimentalists to test this suggestion.
Equilibrium geometries
The differences between the QCISD and the MP2 calculated geometries are relatively small (see Fig. 1 and Table 2) , and the discussion below is based on the QCISD geometries (except for X = Se, where only MP2 values are available) which are believed to be more reliable.
The doubly bonded compounds: silanone (6), silanethione (7), and silaneselone (8) are all planar, i.e., have C 2v symmetry. The calculated Si=X bond lengths (pm) of: 153.8 (X = O), 195.4 (X = S), and 207.0 (X = Se) are all significantly shorter (by ca. 8-9%) than the corresponding Si-X single (Table 2) are consistent with the description of these species as involving a modest donor-acceptor interaction between one of the lone pairs of X (donor) and the vacant 3p(Si) orbital (acceptor).
5 Thus, in the encounter complexes 22-24, the calculated total charge transferred from C 2 H 4 X to the SiH 2 unit (using the Natural Population Analysis at MP2(full)/6-31G**) is: 0.15 el. in 22, 0.31 el. in 23, and 0.34 el. in 24. Consistent with the modest charge transfer is the fact that the Si … X distances in the complexes 22-24 are quite long, r(Si-X) = 205.7 (X = O), 239.0 (X = S), and 243.3 (X = Se) pm, in comparison with the corresponding Si-X single bonds in H 3 SiXH: 166.7 (X = O), 214.3 (X = S), and 226.6 (X = Se) pm. Similarly, the C-X bond lengths in the complexes are only slightly elongated (by 1-2 ppm) compared to those calculated for the corresponding threemembered ring precursors. The silylene is tilted above the three-membered ring; the Si-X-Y bond angle (where Y is the center of the C-C bond) is 124°for 22, and ca. 102°for 23 and 24. Rotation of the silylene around the Si … X axis is facile (barriers of 0.6-2 kcal/mol), with 22 preferring the "inside" conformation (i.e., where the pHSiXC dihedral angle is ca. 0°), while 23 and 24 are more stable in the "outside" conformation (e.g., pHSiXC is ca. 180°). Although, the geometrical parameters of 22-24 indicates a relatively weak complexation, the calculated complexation energies show that these complexes are bound quite strongly; i.e., by 20.0, 20.6 , and 31.1 kcal/mol for X = O, S, Se, respectively, (at MP2). This apparent dichotomy between the geometries and the complexation energies reflects the high energies of the Si-X bonds (22) .
The transition states for the concerted fragmentation of the silylene-XC 2 H 4 , X = S, Se intermediates (28 and 29, respectively) are structurally similar to those of the corresponding silylene-XC 2 H 4 complexes (23 and 24, respectively), but they have much shorter Si … X distances (r(Si-X) = 214.4 and 224.5 pm), much longer C-X bonds (r(C-X) = 216.8 and 222.4 pm), significantly shorter C-C bonds (ca. 140 pm) and significantly wider Si-X-C bond angles (ca. 120°), compared to those parameters in the corresponding complexes. Actually, the r(Si-X) distances in 28 and 29 are very close to those of the corresponding Si-X single bonds (214.3 and 226.6 pm for X = S and Se, respectively) and these transition states can be described as occurring relatively "late" along the fragmentation reaction coordinate.
In the silylene-oxirane reaction the intermediate complex 22 undergoes cleavage in two steps: (i) first only one of the C-O bonds breaks (via TS 26) to give the biradical complex 25; (ii) followed by cleavage of the second C-O bond (TS 27) to give H 2 Si=O and ethylene. Along the progression: 22 → 26 → 25 → 27 → 6, the Si-O bond length is gradually shortened (205.7, 181.0, 169.9, 162.8, and 153.8 pm respectively) and the C-O bond length is gradually elongated (143.2 (9), 145.6 (22), 185.5 (26), 236.0 (25) , and 244.4 (27), pm). The largest differences between the QCISD and MP2 geometries are found for the biradical 25 (Table 2).
Conclusions
High level ab initio calculations for the reactions between silylene and oxirane (9), thiirane (10), and selenirane (11) which are possible routes to Si=X double bonds (X = O, S, Se, eqs. [2a]-[2c] ), show that these reactions are highly exothermic (∆H°= -61.5, -44.9, and -52.7 kcal/mol for X = O, S, Se, respectively at MP2/6-31G**) and in the gas-phase at 0 K they are also spontaneous. The first step of these reactions involves the barrierless formation of a donor-acceptor complex between the silylene and the X atom of the precursor, C 2 H 4 X. The reaction steps which follow depend on X. For X = O, fragmentation of the silylene-C 2 H 4 X complex 22 proceeds in two steps via a biradical intermediate. In contrast, fragmentation of the S (23) and the Se (24) complexes occurs in a single step. At 298 K in the gas-phase, the contributions of entropy lead for X = O and S, to a small energy barrier ( ∆G) of 7.4 kcal/mol on the path between the silylene-XC 2 H 4 complex and the products, but for X = Se the reaction is spontaneous also at 298 K. In solution, a barrier of 7.5 kcal/mol separates the silylene complexes from the products also for X = Se and this barrier is somewhat higher (14.9 kcal/mol) for X = O, and S. However, these barriers can be easily surmounted, making these reactions synthetically attractive.
In conclusion, the computational results suggest that the reaction of silylenes with chalcogenide three-membered ring compounds (eq. [1]) is indeed a viable route for the preparation of compounds with a Si=X double-bond (X = O, S, Se), both in the gas-phase and in solution. We call for an experimental testing of this prediction.
